Evidence is presented for the notion that some contribution to the recent decadal trends observed in the Southern Hemisphere, including the lack of a strong Southern Ocean surface warming, may have originated from longer-term internal centennial variability originating in the Southern Ocean. The existence of such centennial variability is supported by the instrumental sea surface temperatures (SSTs), a multimillennial reconstruction of Tasmanian summer temperatures from tree rings, and a millennial control integration of the Kiel Climate Model (KCM). The model variability was previously shown to be linked to changes in Weddell Sea deep convection. During phases of deep convection the surface Southern Ocean warms, the abyssal Southern Ocean cools, Antarctic sea ice extent retreats, and the low-level atmospheric circulation over the Southern Ocean weakens. After the halt of deep convection the surface Southern Ocean cools, the abyssal Southern Ocean warms, Antarctic sea ice expands, and the low-level atmospheric circulation over the Southern Ocean intensifies, consistent with what has been observed during the recent decades. A strong sensitivity of the time scale to model formulation is noted. In the KCM, the centennial variability is associated with global-average surface air temperature (SAT) changes of the order of a few tenths of a degree per century. The model results thus suggest that internal centennial variability originating in the Southern Ocean should be considered in addition to other internal variability and external forcing when discussing the climate of the twentieth century and projecting that of the twenty-first century.
Introduction
The global-average surface air temperature (SAT) did strongly increase during the recent decades. Most of the surface warming occurred in the Northern Hemisphere, while the Southern Hemisphere warmed considerably less (Trenberth et al. 2007 ). The near-global-average sea surface temperature (SST) did increase by about 0.28C during the last four decades, as estimated here by the difference of the bidecadal mean 1991-2010 relative to that of 1971-90 (Fig. 1) . Strong regional variation, however, is obvious in the SST trend pattern with remarkably little warming over most of the Southern Ocean (Fig. 1a) . In contrast, the abyssal Southern Ocean considerably warmed during the recent decades (Robertson et al. 2002; Purkey and Johnson 2010, 2012; Fahrbach et al. 2011) . Finally, while the Arctic sea ice extent strongly declined during the satellite era, the Antarctic sea ice extent increased (e.g., Cavalieri and Parkinson 2008; Comiso and Nishio 2008) . In fact while the Arctic sea ice extent featured a record minimum during September 2012, the Antarctic sea ice extent reached a record high during the same month. These seemingly conflicting decadal trends often cause confusion in the public and raise questions about the validity of global warming.
Climate variability can be either generated internally by interactions within or between the individual climate system components (e.g., atmosphere, ocean, sea ice, and land) or externally by, for example, volcanic eruptions, variations in the solar insolation at the top of the atmosphere, or changed atmospheric greenhouse gas and aerosol concentrations in response to anthropogenic emissions. Prominent examples of internal variability are the North Atlantic Oscillation (NAO; Hurrell 1995) , originating from the chaotic atmospheric dynamics; the El Niño-Southern Oscillation (ENSO ; Philander 1990 ), a coupled ocean-atmosphere mode on interannual time scales; the Pacific decadal oscillation (PDO; Mantua et al. 1997) ; the interdecadal Pacific oscillation (IPO; Power et al. 1999) ; or the Atlantic multidecadal oscillation (AMO; Knight et al. 2005) . Some internal variations strongly project onto global, hemispheric, or regional SAT, thereby masking the effects of anthropogenic climate change. It is therefore of primary importance to understand the dynamics, predictability, and global impacts of internal variability on those time scales on which anthropogenic climate change evolves.
A prominent event in the Southern Ocean during the twentieth century was the Weddell Polynya (e.g., Zwally and Gloersen 1977; Carsey 1980; Gordon and Comiso 1988) , a large area (350 000 km 2 ) of open water within the ice-covered Weddell Sea during the austral winters of 1974-76. There was vigorous air-sea interaction within the polynya that resulted in the convective overturning of the water column and the formation of vast amounts of cold and very dense Antarctic Bottom Water (Gordon 1978 (Gordon , 1982 . Moreover, the Weddell Polynya had a profound impact on the surface meteorology of the region (Moore et al. 2002) . Different assertions have been made about the origin of the Weddell Polynya (Martinson et al. 1981; Parkinson 1983; Holland 2001; Gordon et al. 2007 ), but its origin is still controversial.
During the instrumental period, the SST of the Southern Ocean exhibited a pronounced centennial variability as demonstrated by its zonal average in the latitude band 508-708S, which will be referred to as the Southern Ocean centennial variability (SOCV) index (Fig. 2a) . The Weddell Polynya obviously coincided with the last warm phase of the SOCV index. Since then, the SOCV index declined and Antarctic sea ice extent expanded. Is it possible that the Weddell Polynya and the subsequent evolution of Antarctic sea ice can be understood in terms of longer-term centennial variability in the Southern Ocean?
The sea level pressure (SLP) gradient across the Southern Ocean intensified during the recent decades, as expressed by the positive trend in the southern annular mode (SAM) index (Thompson and Solomon 2002; Marshall 2003; Visbeck 2009 ). The SAM is the most energetic atmospheric circulation pattern of the Southern Hemisphere, and its enhancement was associated with stronger-than-normal surface westerly winds over the Southern Ocean (Visbeck 2009 ). Thompson et al. (2011) argue that surface climate change as far equatorward as the subtropical Southern Hemisphere may have been affected by the Antarctic ozone hole. Marshall et al. (2004) , on the basis of a climate model, postulate that the recent observed trend in the SAM index is unlikely to be due to internal climate variability, but they assign a stronger role to natural external forcing than Thompson et al. (2011) . We emphasize here the potential role of internal SOCV in forcing the SAM.
A lot of research during the last years was devoted to the Northern Hemisphere decadal-to-multidecadal variability. Latif and Keenlyside (2011) provide a review of decadal variability and predictability. Many papers studied, for example, the PDO or AMO. The Southern Hemisphere low-frequency internal variability received relatively little attention likely due to a dearth of longterm observations, although some remarkable climate trends were observed there during the late twentieth and early twenty-first centuries, as described above. One possible explanation for the lack of a strong Southern Ocean surface warming is the strong vertical mixing in the Southern Ocean. However, when forced by estimates of observed external forcing the climate models, which participated in phase 3 of the Coupled Model Intercomparison Project (CMIP3), in the ensemble mean simulate surface warming everywhere over the Southern Ocean during 1979 -2005 (Hegerl et al. 2007 .6), whereas surface cooling was observed over large parts of the Southern Ocean during this time. The same holds for the Antarctic sea ice extent, which is simulated to retreat during the recent decades by most CMIP5 models as discussed by Zunz et al. (2013) . The differences between the models and observations could be caused by internal variability, which can temporarily offset the effects of global warming. In this case, the multimodel mean cannot capture the observed variability, as the multimodel mean is only an estimate of the forced variability.
There is limited evidence of large-scale changes in temperature and precipitation on long time scales in the Southern Hemisphere climate record. Le Quesne et al. (2009) investigated more than 350 tree-ring cores and combined them into three tree-ring chronologies, which strongly correlate with instrumental precipitation in Santiago, Chile. Based on these records, a 712-yr precipitation reconstruction was developed. A mode with a period of about 200 yr was extracted by singular spectral analysis (SSA), which explains 11.6% of the variance and captures the long-lasting dry and wet periods over the last 7 centuries. Cook et al. (2000) found evidence for enhanced centennial variability in a tree-ring-based Tasmanian summer temperature reconstruction of the last 3600 yr. They also examined warm-season SSTs, averaged over the southern Indian Ocean, from a 1400-yr control integration of the Hadley Centre coupled model, version 2 (HadCM2). At multidecadal and century time scales, the model SSTs have band-limited spectral features that are similar to those seen in the tree-ring reconstruction. Although centennial variability in the Southern Hemisphere is well documented from a number of paleo records, it remains unclear what the relative roles of external (forced) and internal (unforced) variability on these long time scales are and whether there are any distinct periodicities that stand out above the red background spectrum. Could the variability of Southern Ocean deep convection be responsible for the documented centennial changes during the last few millennia and also for some fraction of decadal changes seen in recent history? Park and Latif (2008) describe pronounced Southern Hemisphere centennial variability in a control integration of the Kiel Climate Model (KCM). Martin et al. (2013) explained the centennial time scale (Fig. 2c) by the slow accumulation of heat advected into the Weddell Sea at middepth by the lower limb of the Atlantic meridional overturning circulation (AMOC). Galbraith et al. (2011) report pronounced long-term variability in Weddell Sea deep convection from another global climate model [Geophysical Fluid Dynamics Laboratory Climate Model, version 2.1 (GFDL CM2.1)]. Delworth and Zeng (2012) , however, suggest a mechanism in that model that seems to differ from the mechanism operating in the KCM. If supported by further research, the existence of significant internal centennial variability independent of its origin would have important implications for the climate of the twentieth and twenty-first centuries, regionally and possibly also globally. This paper is a follow-up study of the work presented by Martin et al. (2013) , who described the mechanism of the SOCV in two versions of the Kiel Climate Model. Here, we basically concentrate on the comparison of these model results with observational data and the spatial patterns associated with the SOCV in the model. Section 2 gives a brief overview of the data used in this study and the KCM. Southern Ocean sector surface temperature centennial variability is described from the instrumental SSTs and a tree-ring-based Tasmanian summer temperature reconstruction in section 3. The model results are presented in section 4, where we focus on the spatial patterns in both the ocean and atmosphere. The paper finishes with some concluding remarks in section 5.
Data and model

a. Data
We use the instrumental SSTs from ERSST.v3b provided by the National Oceanic and Atmospheric Administration (NOAA). The SSTs are not very reliable during the presatellite era in some regions, especially in the Southern Hemisphere. Moreover, the SST reconstruction is much too short to study centennial variability in detail. Therefore, Tasmanian summer surface air temperature reconstructions of the last 3600 yr as described by Cook et al. (2000) were additionally obtained (http://www.ncdc.noaa.gov/paleo/recons.html). Again, there are large uncertainties in the reconstruction and it is unclear how well the tree-ring data record Southern Ocean centennial variability. Therefore, we would like to point out from the very beginning that a verification of the model centennial variability with observations will remain inconclusive to some extent. SLP data were obtained from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis project (Kalnay et al. 1996) . Sea surface salinities (SSSs) ). The northward transport of AABW in the Atlantic at 308S varies between 2 and 7 Sv. The KCM displays a rich spectrum of internal variability. In particular, the model simulates multidecadal SST variability in the North Atlantic and North Pacific Oceans with realistic period and spatial structure (Park and Latif 2010) . The version used here has a more realistic representation of Antarctic sea ice than the original model version used by Park and Latif (2008) but like the previous version simulates pronounced SOCV (Figs. 2c, d) . Additional information about the representation of the sea ice and SOCV mechanism can be found in Martin et al. (2013) .
The KCM suffers from several biases. The SST bias in the tropics and Southern Hemisphere was computed from the last 1000 yr of the integration with respect to the observed SSTs of 1970-99 taken from ERSST.v3b (Fig. 3) . The size of the SST bias, which can reach several degrees Celsius in some regions, is typical for current generation climate models (Randall et al. 2007 ). The simulated Southern Ocean SSS is compared with the Levitus et al. (1998) climatology in Fig. 4 . There is a general tendency of the model to simulate too low SSSs. Most striking are the much too fresh conditions in the Bellingshausen, Amundsen, and Ross Seas in the region 908-1208W. This fresh bias is limited to the upper ocean (not shown) and may suppress deep convection similar to that in the Weddell Sea. Likely reasons for the bias are too strong precipitation, runoff, and sea ice melt. While precipitation minus evaporation (P 2 E) is positive everywhere in the southern part of the Southern Ocean in the annual average and there are more coastal grid cells with strong runoff upstream of the Ross Sea than upstream of the Weddell Sea, we speculate that sea ice melt is the dominating cause. The spatial distribution of the SSSs in the greater Ross Sea region is well pattern correlated with the sea ice melt in austral spring (r 5 0.65), whereas the SSS and the P 2 E pattern are only weakly correlated year-round (r # 0.2). Furthermore, the freshwater flux into the ocean from sea ice melt in (Levitus et al. 1998 ) and (b) a 1000-yr mean from the KCM.
austral spring is 2-3 times greater than the rather constant P 2 E flux. The Antarctic sea ice thickness is compared with observations in Fig. 5 . Observational records collected by Worby et al. (2008) report an annual average of 0.62 6 0.67 m (Fig. 5a ). The KCM simulates an Antarctic sea ice cover with an annual long-term-mean thickness of 0.69 6 0.72 m (Fig. 5b) . Although the sea ice thickness distribution in the KCM compares reasonably well with the observations, the amount of thick ice in and east of the Ross Sea is considerably overestimated, and this may also contribute to the surface ocean freshening over the years.
Southern Ocean centennial surface temperature variability
As described above, an index of the SOCV is defined as the zonal average SST over the region 508-708S (Fig.  2a) . This region was chosen because it did not exhibit a strong warming during the recent decades and because both the PDO and AMO do not strongly project on this index (Park and Latif 2012) . The SOCV index depicts pronounced centennial variability during the instrumental period, with the maxima around the mid1870s and mid-1970s. The global SST anomaly pattern associated to the SOCV index, as obtained from composite analysis (see caption of Fig. 2 for details) , is mostly governed by anomalies of one sign (Fig. 2b) , indicating that the SOCV has a projection on global average SST. Anomalies of the opposite sign are seen only in the North Pacific and North Atlantic Oceans. The rapid increase of the SOCV index during the mid-1970s (Fig. 2a) concurred with the so-called climate shift in the Pacific Ocean (Trenberth and Hurrell 1994; Graham 1994) , which was characterized by an anomalously warm equatorial Pacific and an anomalously cold North Pacific. Similar anomalies are seen in the SOCV index pattern (Fig. 2b) . Although the origin of the climate shift is assumed to primarily have been either in the tropical Pacific or North Pacific, the Southern Ocean may have contributed. On the other hand, Meehl et al. (2009) find evidence for external forcing also playing a role in driving the mid-1970s climate shift in the Pacific. Another significant ''shift'' occurred in the 1970s in the midand high latitudes of the Southern Ocean region (Hurrell and van Loon 1994) , with lower SLP during the 1980s than in the 1970s (see also Fig. 9 , described in greater detail below). The latter was associated with a cooling of the South Pacific. We return to this point below when discussing the model results and comparing them with the data. The SOCV index dropped after the mid-1970s and was well below normal during the most recent years (Fig. 2a) .
The instrumental SST data are poor in the Southern Hemisphere and the record length is much too short to thoroughly study long-term variability. In particular, the SOCV index pattern derived from the instrumental observations (Fig. 2b ) is subject to large uncertainties. The existence of pronounced centennial variability in the Southern Ocean sector is supported by the Tasmanian summer temperatures of the last 3600 yr as reconstructed from tree rings by Cook et al. (2000) . Here, we reproduce some of the results of Cook et al. (2000) and show in Fig. 6a the reconstructed Tasmanian summer temperatures. We compare the latter with the annual SOCV index during the instrumental record (Fig. 6b) . Although there are a number of differences on interannual-to-decadal time FIG. 5 . Annual-mean Antarctic sea ice thickness (m) from (a) observations (Worby et al. 2008 ) and (b) a 1000-yr mean from the KCM.
scales, the centennial variability, which is the topic of this study, is reasonably well captured by the reconstruction. More importantly, at centennial time scales there is clearly enhanced variability in the tree-ring temperatures (Cook et al. 2000, their Fig. 9b ); although, tree-ring temperature reconstructions tend to underestimate the level of centennial variability. Significant peaks above the 99% level were found by Cook et al. (2000) at periods of about 200-300 and 500 yr. We basically reproduce these periodicities by applying wavelet analysis (Figs. 6c,d ), supporting the previous results of Cook et al. (2000) . It should be mentioned, however, that the time scale strongly varies with the time during the treering record (Fig. 6c) . The multidecadal peak (Fig. 6d) is also of interest here, as different versions of the KCM simulate SOCV with rather different time scales, indicating a strong sensitivity of the periodicity to the model formulation as discussed below (see Fig. 11 , described in greater detail below). We conclude that the Tasmanian tree-ring data support the existence of centennial variability in the Southern Ocean sector surface climate, but it remains to be quantified what the relative roles of external (e.g., solar) forcing and internal variability in the different frequency bands are.
Climate model results
Consistent with the instrumental SSTs (Fig. 2a) and reconstructed Tasmanian summer temperature (Fig. 6) , the model simulates pronounced SOCV (Fig. 2c ). An SOCV index was computed from the model in the same way as from the observed SSTs. The standard deviation computed from the annual means amounts to 0.188C for the model SOCV index, as opposed to 0.148C for the SOCV index obtained from the instrumental SSTs (Fig.  2a) . The model variability has the most power at periods of 300-400 yr. The SST variability is irregular, and the model also simulates, for instance, a 100-yr fluctuation during model years 4000-4100 (Fig. 2c) , similar to that observed during the instrumental period (Fig. 2a) . The correlation between the model SOCV index and the model Tasmanian SAT amounts to about 0.7 when using low-pass-filtered data (21-yr running means), which are significant at the 95% level. Moreover, cross-spectral analysis (not shown) reveals that there is highly significant coherence (above the 99% confidence interval) between the model SOCV index and the model Tasmanian SAT at centennial time scales. The model results thus suggest that the Tasmanian tree rings may well record the SOCV.
The gross features of the model SOCV index pattern (Fig. 2d ) are similar to those derived from the instrumental observations (Fig. 2b) : most regions depict positive SST anomalies, while negative anomalies are seen in the North Pacific and North Atlantic Oceans. However, there are a number of noticeable differences between the model pattern and that derived from the instrumental data. Most importantly there is a strong warming off the west coast of South America in the pattern derived from the observations, which is not seen in the model pattern. Instead the model pattern depicts the strongest warming in the Weddell Sea region. Differences between model and instrumental data are to be expected for several reasons. First, the observational data quality is poor. Second, the observations resolve only one cycle of the centennial mode. Global climate variability is governed by many different processes, may they be internal or external, natural or anthropogenic. A single mode cannot account for all the observed variability during the short instrumental period, as the variability is a superposition of modes with different patterns and time scales. Many realizations of the centennial mode are needed to obtain its ''true'' pattern, which is one reason for using long control runs with global climate models. Third, the KCM is a coarse-resolution model and suffers from large biases in parts of the Southern Ocean [ Figs. 3-5; see also Park et al. (2009) ]. The model results should be therefore understood more as a conceptual framework that can help to guide interpretation of the sparse observations; we are not aiming at explaining all aspects of the observed variability during the last 160 yr.
The SOCV is clearly reflected in global-average SAT in the KCM (Fig. 7a) , and it goes along with the rather rapid Southern Hemisphere sea ice area changes (Fig. 7b) . Global-average SAT changes linked to the SOCV amount to a few tenths of a degree Celsius per century, while Southern Hemisphere sea ice area changes are of the order of 610% of the long-term-mean sea ice area, which varies between 9 3 10 6 and 11 3 10 6 km 2 on these time scales. The SOCV is related to centennial-scale alternations between regimes with and without convective overturning in the Weddell Sea, which is described in detail by Martin et al. (2013) . The model results support the conjecture that the occurrence of the Weddell Polynya could have been linked to the SOCV. We note, however, that the scale of the observed Weddell Polynya (350 000 km 2 ) was considerably smaller than the sea ice area changes in the Weddell Sea associated with the centennial variability in the KCM. The rather coarse ocean model resolution (28 3 28) inhibits the explicit simulation of polynyas with such a relatively small spatial scale. Furthermore, the Weddell Polynya was observed only during three consecutive winters, which is inconsistent with the long time scale sea ice extent variability in the KCM. The main point we wish to convey here is that the occurrence of the Weddell Polynya during the mid-1970s could have been linked not only to surface but also to deep-ocean processes.
The Weddell Sea deep convection and sea ice decline in the KCM are stimulated by the buildup of heat in the Atlantic-Indian Ocean Basin (Fig. 7c) , which primarily takes place at middepth between 1000 and 3000 m (Martin et al. 2013) . The variations of the vertically integrated heat content amount to about 640 3 10 21 J in the Atlantic Ocean basin-Indian Ocean Basin, defined here as the region 408-908S and 708W-808E. The heat is provided by the lower branch of the AMOC, a mechanism previously described from uncoupled ocean model simulations (Mikolajewicz and Maier-Reimer 1990; Yin and Sarachik 1995; Pierce et al. 1995) and coupled climate model simulations (Santoso et al. 2006) . During phases of deep convection, large amounts of heat are released to the atmosphere in the KCM, similar to what was observed during the Weddell Polynya (Moore et al. 2002) . This drives global atmospheric teleconnections in the model, which will be discussed below.
Deep-water warming in the Southern Ocean and a global-scale contraction of Antarctic Bottom Water was reported after the occurrence of the Weddell Polynya (Robertson et al. 2002; Purkey and Johnson 2010; Fahrbach et al. 2011; Purkey and Johnson 2012) . We computed composites of temperature and salinity anomalies associated with the model SOCV index (Fig. 2c) at three vertical levels: 5, 1400, and 4250 m (Fig. 8) . The same procedure was applied as that used in Fig. 2 , but the sign was reversed as we are interested here in the model tendencies after the Weddell Sea deep convection stops: that is, the trends from the warm phase to the cold phase of the SOCV (low SOCV index minus high SOCV index). For instance, the SST (i.e., temperature at 5 m) anomaly pattern shown in Fig. 8a is therefore by definition the same as that depicted in Fig. 2d but with opposite signs. The model simulates a warming of almost the entire water column in the Weddell Sea after deep convection stopped there (Figs. 8c,e) , with the exception of the surface layers that cool (Fig. 8a) . The strongest subsurface warming is found at middepth (Fig. 8c) , the model levels where the North Atlantic Deep Water accumulates in the Weddell Sea. A negative temperature anomaly is seen at this level farther to the north off the eastern coast of South America.
The warming at the lowest model level, at 4250 m, is most pronounced in the Atlantic sector and the western Indian Ocean sector of the Southern Ocean (Fig. 8e) , consistent with the deep temperature measurements of the last decades. We conclude that part of the observed deep-sea warming in the Southern Ocean could be simply explained by the switch from a convective regime in the Weddell Sea during the mid-1970s to a nonconvective regime thereafter. We note that the composite (low SOCV index minus high SOCV index) deep-ocean warming in the KCM amounting to a few tenths of a degree (Fig. 8e) considerably exceeds the warming observed in the Weddell Gyre during 1984-2008 as reported by Fahrbach et al. (2011) .
The surface cooling of the Weddell Sea is accompanied by surface freshening (Fig. 8b) . At middepth (1400 m), the model depicts a positive salinity anomaly of the order of 0.01 psu, with a maximum of 0.05 psu in the eastern Weddell Sea near the Greenwich meridian (Fig. 8d) . As in the temperature anomaly pattern at this level, negative anomalies are seen farther to the north off the eastern coast of South America. At the bottom level, at 4250 m, the warming goes along with an increase of salinity in the eastern Weddell Sea and the western Indian Ocean sector of the Southern Ocean in the KCM (Fig. 8f) , amounting to about 0.01-0.02 psu. The model simulates a weak freshening in the western part of the Weddell Sea and in the Pacific sector of the Southern Ocean. Observations indicate a rapid freshening of the Indian and Pacific sources of Antarctic Bottom Water during the last decades (Rintoul 2007) , where the model generally shows only a little change in salinity, with the exception of the western Indian Ocean sector, which depicts enhanced salinity (Fig. 8f) .
The observed changes are a result of both external and internal factors. The common notion is that global warming in response to anthropogenic greenhouse gas emissions drives surface freshening in the high-latitude ocean. Near Antarctica, this could be linked to shelf ice melt. The freshening signal can be quickly transmitted to the abyssal ocean in deep-water formation regions. The model results discussed here are only an example of internal variability that may have contributed to the changes observed in the Southern Ocean. Different decadal salinity trends were observed in the different water masses in the Weddell Sea as reported by Fahrbach et al. (2011) . While the deepest water mass, the bottom water, exhibited a freshening trend since 1985, the deep water located above the bottom water showed an increase in salinity. We speculate that the freshening of the bottom water is linked to surface freshening, which is transmitted to the abyssal ocean by shelf convection. This type of freshening of the Weddell Sea Bottom Water cannot be simulated by our model: first, because the model does not FIG. 8 . In the KCM, the Southern Ocean centennial variability is associated with potential temperature (8C) and salinity (psu) changes throughout the water column. Composite (low 2 high) anomaly patterns using the SOCV index shown in Fig. 2c of (a) carry ice shelves; second, because of its coarse resolution the model does not simulate slope convection; and third, because external forcing in the form of increasing greenhouse gas concentrations is not included. The increase in the salinity of the Weddell Sea Deep Water observed during the last decades, on the other hand, may be due to internal variability, specifically the halt in Weddell Sea deep convection as suggested by the model. The salinity changes, like those in temperature, are considerably larger than the changes measured in the Weddell Sea during the last decades (Fahrbach et al. 2011) . It should be kept in mind, however, that the model composites reflect the full range of the centennial variability (i.e., the peak-to-peak changes).
In the KCM, the switch from the warm to the cold phase of the SOCV is associated with changes in the Southern Hemisphere low-level atmospheric circulation and global teleconnections. We computed an SLP anomaly composite pattern from the KCM, again using the SOCV index shown in Fig. 2c , and compare the model SLP pattern (low 2 high; i.e., cold 2 warm SOCV index) with the observed (NCEP) SLP trend pattern 1975-2010 (Fig. 9a) , a period that also represents a switch from a convecting (warm) to a nonconvecting state (cold) in the Weddell Sea. The two global SLP patterns exhibit a pattern correlation of 0.74. Consistent with the observations, an anomalously strong meridional SLP gradient is simulated over the midlatitudes of the Southern Hemisphere (Fig. 9b) . Our model results support the conjecture that internal centennial variability originating in the Southern Ocean did contribute not only to the observed SST but also to the observed SLP trends. Moreover, the low-frequency variations of the SAM index (not shown; see Visbeck 2009 ) are basically anticorrelated with those of the SOCV index, with a decline (increase) of the SAM index (SOCV index) from the 1930s to the 1970s and an increase (decrease) of the SAM index (SOCV index) thereafter, suggesting some ocean-atmosphere coupling on a long time scale. External forcing alone (e.g., Arblaster and Meehl 2006; Arblaster et al. 2011; Thompson et al. 2011 ) may thus not completely explain the observed SLP trends in the Southern Ocean sector during the recent decades.
The phase change in the model is associated with La Niña-like (i.e., anomalously cold) conditions in the equatorial Pacific (Fig. 8a) . Interestingly, reduced warming relative to the global average warming was observed during the recent decades (Fig. 1) . However, the cooling extends too far westward in the model composite (a typical bias in climate models), which is due to an overly strong cold tongue extending too far westward. External forcing was proposed by Cane et al. (1997) to explain the equatorial Pacific cooling tendency during the recent decades. The model results suggest that there may be also a contribution to the equatorial Pacific cooling coming from the SOCV. The Aleutian low and, to a lesser extent, the Icelandic low weaken in association with the phase change of the centennial mode in the model (Fig. 9b) . This is also consistent with the observations of the last decades (Fig. 9a) . We would like to point out again that the observed trend pattern is a superposition of several internal modes and externally forced variability. The good correspondence of the observed changes with the model patterns may be thus partly coincidental. Figure 10 depicts the anomaly patterns of several other model variables in terms of composites with respect to the model SOCV index (Fig. 2c) , computed in the same way as the SST composite shown in Fig. 2d . These patterns therefore represent the polarity of the anomalies during the warm phase of the SOCV. As expected, the 2-m temperature composite (Fig. 10a) is very similar to that of the SST (Fig. 2d) , with the strongest (hPa) using the SOCV index shown in Fig. 2c . The SLP data are from Kalnay et al. (1996) . The global average was subtracted from both patterns.
warming in the Weddell Sea region. The anomaly pattern of the 500-hPa geopotential heights (Fig. 10b) is rather similar to the inverted SLP anomaly composite (Fig. 9b) , suggesting a barotropic vertical structure in most regions. The strongest positive 500-hPa height anomalies are simulated over Antarctica and the southern part of the Southern Ocean. The most pronounced signal on the Northern Hemisphere is the strong negative height anomaly over the North Pacific representing an intensification of the Aleutian low. Enhanced precipitation is simulated over the region of strongest surface warming in the Weddell Sea (Fig. 10c) . However, the strongest precipitation signal is found over the tropical western Pacific and eastern Indian Ocean. This dipole pattern is reminiscent of an El Niño-forced rainfall anomaly pattern, with enhanced rainfall stretching from the tropical western Pacific eastward along the equatorial Pacific and reduced rainfall in the Indian Ocean. As the precipitation is linked to upperlevel diabatic heating of the atmosphere, we believe that the intensification of the Aleutian low is forced by the tropical Pacific. The positive rainfall signal over the North Pacific probably can be attributed to the stronger Aleutian low. A southward displacement of the intertropical convergence zone is simulated over the tropical Atlantic.
A strong sea ice reduction is seen in the Weddell Sea during the warm phase of the SOCV (Fig. 10d) , as discussed above. The net surface heat flux pattern is rather noisy (Fig. 10e) but also has the strongest change in the Weddell Sea region. The sign of the net surface heat flux anomalies in this region is such that the atmosphere tends to damp the surface warming. Finally, Fig. 10f shows the anomaly patterns of the surface wind stress and lowlevel (10 m) wind speed. Overall, the changes in these two quantities are consistent with the pressure changes. A clear signal in the surface westerlies over the Southern Ocean is seen, with weakened (intensified) winds during the warm (cold) phase of the SOCV. Again, the strongest changes are seen in the Weddell Sea, with highly enhanced wind speed over the region of strongly reduced sea ice.
Concluding remarks
The Southern Ocean sea surface temperature depicts a pronounced centennial variability during the instrumental period. Furthermore, a multimillennial tree-ring-based reconstruction of Tasmanian summer temperatures reveals significantly enhanced variability at centennial time scales. A 1300-yr-long control integration of the Kiel Climate Model (KCM) depicts similar Southern Ocean centennial variability (SOCV), which by definition is internal and does not require external forcing. We hypothesize that some of the remarkable trends observed during the recent decades in the Southern Hemisphere have contributions from such centennial variability. The Weddell Polynya of the mid-1970s and the concurrent deep convection in the Weddell Sea, for instance, may reflect the height of the warm phase of the SOCV. When the Weddell Sea deep convection halts in the model, the Antarctic sea ice cover expands. This has been observed during the recent decades, and the existence of internal centennial variability in the Southern Hemisphere could partly explain the rather different evolution of Arctic and Antarctic sea ice extent. The centennial mode did undergo a phase reversal from its positive phase during the mid-1970s to its negative phase during the recent years, thereby not only cooling the Southern Ocean sector but also retarding global-average surface air temperature. The cease of Weddell Sea convection in the model is followed by deep-sea warming in the Southern Ocean. A deep-sea warming in the Southern Ocean has been observed during the recent decades, suggesting that the warming could have a contribution from the SOCV. The increase of the southern annular mode (SAM) also could be linked to the SOCV, as the SAM intensifies in the model after deep convection stops in the Weddell Sea. In summary, the model results may provide a kind of null hypothesis for the interpretation of some of the recent Southern Hemisphere decadal trends observed in the Southern Ocean, Antarctic sea ice, and low-level atmospheric circulation over the Southern Ocean.
A cautionary note should be made at this point. When making a reference to the observed trends during the recent decades, one has to keep in mind the additional effects of external forcing. In the real world, unforced and forced variability go side by side. For instance, the enhanced oceanic freshwater input in response to anthropogenic warming from ice melt or changes in the hydrological cycle can be rapidly communicated to the abyssal ocean in the high-latitude convection regions. Such forced processes by definition are not incorporated in control integrations of climate models that provide only unforced variability. We do not want to challenge previous studies that assigned an important role to external forcing in explaining some of the recent decadal trends. What we would like to point out here is that internal variability cannot be a priori neglected. Furthermore, the patterns of internal and external variability may be similar, which makes the detection of externally forced signals a challenge, especially on regional scales.
Pronounced internal centennial Northern Hemisphere SAT variability, in which the Atlantic meridional overturning circulation (AMOC) plays a prominent role, is simulated in another climate model (GFDL CM2.1; Delworth and Zeng 2012) . In that model, upper-ocean salinity anomalies slowly propagate on a multidecadal time scale from the Southern Hemisphere into the North Atlantic sinking region and affect deep convection there, giving rise to the long time scale. Although the mechanism of centennial variability in the Delworth and Zeng (2012) simulation still needs further investigation, it appears to be rather different to the mechanism operating in the KCM. While deep convection in the subpolar North Atlantic plays an important role in Delworth and Zeng (2012) , in the KCM Weddell Sea deep convection is crucial to produce the centennial variability and impacts the AMOC (Martin et al. 2013) . However, there is Southern Ocean variability in the GFDL model with an SAT pattern similar to that in the KCM (A. Gnanadesikan 2013, personal communication).
The global three-dimensional ocean circulation and the mechanisms of its variability are not well known from observations (Rintoul et al. 2011) . We have therefore to heavily rely on global climate models to understand the mechanisms of long-term climate variability, especially those operating in the Southern Ocean. The KCM, like other climate models, suffers from large biases. Processes important to Southern Ocean circulation variability such as mesoscale eddies (e.g., B€ oning et al. 2008) are not explicitly resolved and are instead parameterized (Gent and McWilliams 1990) . Moreover, shelf convection (the main formation mechanism of the very dense Antarctic Bottom Water) is not present in the model. It is unclear at this stage of research how model bias affects the simulation of centennial variability. Comparison of the SOCV in the KCM with that simulated by other climate models will be helpful in this regard.
A strong sensitivity of the time scale of the SOCV to model formulation is noted. We show in Fig. 11 the SOCV indexes from three versions of the Kiel Climate Model together with the corresponding frequency spectra. Panels in the upper two rows of Fig. 11 show results from the two model versions of the KCM that are discussed in Martin et al. (2013) . These two differ only in one single parameter in the sea ice parameterization, affecting the average thickness of the Antarctic sea ice cover. In Figs. 11c and 11f we show the SOCV index and frequency spectrum from a version of the KCM in which the T31 atmosphere model was replaced by a higher horizontal resolution T42 version, whereas the horizontal ocean model resolution was kept at 28. Several ocean model parameters, however, are different in this version. Obviously, the periodicities in the three simulations are rather different, ranging from multidecadal to multicentennial and longer (Figs. 11d-f) . The basic mechanism for the SOCV in the three KCM versions and the corresponding teleconnection patterns are found to be very similar [see Martin et al. (2013) for the mechanism in the two T31 coupled model versions shown in the upper two rows of Fig. 11] .
Our model results suggest that the Southern Ocean plays an important role in the generation of internal centennial variability and that this variability has significant climate impacts, even outside the Southern Ocean sector. It remains unclear how much of the (2008), (b) the time series used in this study, and (c) the time series from a simulation in which the T31 (3.758 3 3.758) atmosphere model was replaced by a T42 (2.88 3 2.88) version, whereas the horizontal ocean model resolution was kept at 28. (d)-(f) The respective frequency spectra of the SOCV indices shown in (a)-(c) calculated by applying a multitaper method (see Ghil et al. 2002) . Confidence levels are denoted by the solid green (99%), red (95%), and blue (90%) lines and the median is denoted by the green dashed line.
observed pattern of decadal changes in SST and other variables (and also the somewhat puzzling fact that sea ice extent has been increasing in the Antarctic) are due to a cessation of Weddell Sea deep convection. The differences between the model patterns and those observed during the recent decades are quite substantial. We need better proxies for long-term climate variability in the far Southern Ocean in order to better assess the model variability and verify the existence of enhanced centennial variability in the real world.
In conclusion, this study lends support to the assertion that internal SOCV is a key to understanding the twentieth-century climate and possibly also to predicting the climate of the twenty-first century. The results, however, are mostly based on only one global climate model. The SOCV affects global-average SAT in the model and may have also been one factor that retarded global warming during the recent years. If so, and given the long time scale of the SOCV in the model, the SOCV may continue to exert a damping on global warming during the next decades. Because in the model the SOCV is reflected in ocean heat content and sea surface height (not shown), the current ocean observing system, if expanded to monitor ocean heat content changes below 2000 m, would enable prediction of the centennial mode's temporal evolution with adequately initialized climate models. This would enhance the skill of decadal climate projections. The predictability of this specific type of centennial variability is currently under investigation and will be the topic of a forthcoming paper.
